Background The initiation and progression of knee and hip arthritis have been related to limb loading during ambulation. Although altered gait mechanics with unilateral lower limb loss often result in larger and more prolonged forces through the intact limb, how these forces differ with traumatic limb loss and duration of ambulation have not been well described. This work was performed at Walter Reed
Questions/purposes The purpose of this study was to determine whether biomechanical variables of joint and limb loading (external adduction moments, vertical ground reaction force loading rates, and impulses) are larger in the intact limb of servicemembers with versus without unilateral lower limb loss and whether intact limb loading differs between shorter (B 6 months) versus longer (C 2 years) durations of ambulation with a prosthesis. Methods A retrospective review was conducted of all clinical and research gait evaluations performed in the biomechanics laboratory at Walter Reed Army Medical Center and Walter Reed National Military Medical Center between January 2008 and December 2012. Biomechanical data meeting all inclusion and exclusion criteria were obtained for 32 individuals with unilateral transtibial limb loss, 49 with unilateral transfemoral limb loss, and 28 without limb loss. Individuals with unilateral lower limb loss were separated by their experience ambulating with a prosthesis at the time of the gait collection, B 6 months or C 2 years, to determine the effect of duration of ambulation with a prosthesis. Results Intact limb mean and peak vertical ground reaction force loading rates (median [range; 95% confidence interval]) were larger for transtibial subjects with B 6 months of experience ambulating with a prosthesis versus control subjects (mean: 12.13 body weight [BW]/s [4.45-16.79; 10.18-12 .81] versus 9.03 BW/s [4.64-14.47; 8.26-9.74 ]; effect size [ES] = 0.40; p = 0.003; and peak: 17.23 BW/s [6.58-25.25; 15.46-19 .01] versus 13.60 BW/s [9.82-19.51; 12.98-15 .05]; ES = 0.43; p = 0.001), respectively. Intact limb mean and peak vertical ground reaction force loading rates were also larger in subjects with transfemoral limb loss with B 6 months and C 2 years of experience ambulating with a prosthesis versus control subjects (mean: 12.67 BW/s [5.88-18.15; 11.06-14 .47] and 12.59 BW/s [8.08-17.39; 11.83-13 .68] versus 9.03 BW/s [4.64-14.47; 8.26-9.74 ]; ES C 0.53; p \ 0.001; peak: 19 .82 BW/s [11.93-29.43 ES C 0.53, p \ 0.001) were also larger among both groups of transfemoral subjects versus control subjects, respectively. Limb loading variables were not statistically different between times ambulating with a prosthesis within groups with transtibial or transfemoral limb loss. Conclusions Larger intact limb loading in individuals with traumatic transtibial loss were only noted early in the rehabilitation process, but these variables were present early and late in the rehabilitation process for those with transfemoral limb loss. Such evidence suggests an increased risk for early onset and progression of arthritis in the intact limb, especially in those with transfemoral limb loss. Clinical Relevance Interventions should focus on correcting modifiable gait mechanics associated with arthritis, particularly among individuals with transfemoral limb loss, to potentially mitigate the development and progression in this population.
Introduction
Arthritis of the knee and hip are two health conditions most often observed in middle-aged and older individuals [13] . However, the prevalence of this degenerative disease is approximately five to 10 times higher and occurs sooner in the intact limb among persons with unilateral lower limb loss compared with individuals without limb loss [9, 11, 13, 16, 23, 26, 30] . To date, nearly 1500 US servicemembers have sustained traumatic injuries resulting in major limb loss during recent and current conflicts [7] . These injured servicemembers represent a unique population of young individuals who are highly motivated to return to high-functioning levels. Despite common reductions in physical activity levels after lower limb loss [23] , recent advances in rehabilitation methods and prosthetic technologies facilitate participation in recreational activities for these individuals. Continued prosthetic use, however, has been associated with an increased presence of joint pain and arthritis [3, 11] , and the demographics of these injured servicemembers likely increase the risk for arthritis compared with older and less active populations with lower limb loss.
The initiation and progression of arthritis in the lower extremities have been related, in part, to the magnitude and duration of mechanical loads borne during ambulation [1] . Because direct measurement of in vivo joint loading is invasive, several biomechanical endpoints are commonly used to indirectly estimate these loads during gait evaluations [32] . Ambulation with a lower limb prosthesis alters gait mechanics [27] , and some of these alterations are consistent with the biomechanical variables that have been associated with arthritis, including larger and more prolonged forces transmitted through the intact limb. Repeated exposure to these altered gait mechanics, and subsequent changes in joint and limb loading, may accelerate the onset and/or progression of arthritis, although the mechanisms associated with arthritis development in this population are still unclear.
The overall objective of this study was to investigate biomechanical variables of joint and limb loading in a cohort of servicemembers with traumatic unilateral transtibial and transfemoral limb loss. The following questions were asked: (1) are biomechanical variables of joint and limb loading larger in the intact limbs of individuals with unilateral transtibial and transfemoral limb loss as compared with individuals without limb loss; and (2) are these variables larger in the intact limbs of those who are assessed further from their time of limb loss, who have ambulated with a prosthesis for a longer duration?
Patients and Methods
After approval by the Walter Reed National Military Medical Center institutional review board, we conducted a retrospective analysis of all gait evaluations performed, for both clinical and research purposes, in the biomechanics laboratories at Walter Reed Army Medical Center and Walter Reed National Military Medical Center between January 2008 and December 2012 ( Fig. 1 ). In the case of research evaluations, only baseline (ie, nonintervention) trials were included. Clinical or research participants reporting current pain levels greater than 4 out of 10 are never evaluated, and biomehcnaical data collections occur only after the pain has resolved. Biomechanical data for 173 individuals with limb loss and 32 without limb loss were identified. Of those with limb loss, 73 were excluded because they had bilateral lower limb loss, upper extremity limb loss, or hip disarticulations (n = 45); comorbidities such as traumatic brain injury or contralateral (intact) limb injuries, that would potentially result in altered gait mechanics (n = 11); limb salvage resulting in delayed amputation (n = 10); the amputation was not traumatic (n = 1); or the individual was older than 45 years of age (n = 6). The resulting 100 individuals with limb loss included 43 with unilateral transtibial limb loss and 57 with unilateral transfemoral limb loss. Across these two groups with limb loss, seven individuals were removed because their self-selected walking velocity was not between 1.0 m/s and 1.4 m/s. Four individuals without limb loss were removed based on the same criterion. The remaining 93 individuals with limb loss were assessed for time since amputation to groups into those with more or less experience ambulating with a prosthesis. Specifically, novice ambulators were determined to be individuals with B 6 months of experience ambulating in a prosthesis and therefore included in this group if they had a listed first prosthesis date B 6 months from the collection date or if the collection date was B 6 months from their date of limb loss. More experienced ambulators were determined to be individuals with C 2 years of experience ambulating in a prosthesis. Individuals were included in this group if they had a listed first prosthesis date C 2 years from the collection date or if the collection date was 30 months from their date of limb loss. Thirty months was chosen because patients at Walter Reed Army Medical Center and Walter Reed National Military Medical Center are typically fit with a prosthesis 1 to 4 weeks after the amputation surgery [24] , providing plenty of flexibility to ensure prosthetic training would have been initiated C 2 years before the collection for these individuals. This final criterion resulted in group of 28 subjects with transtibial limb loss with B 6 months of experience ambulating in a prosthesis, four subjects with transtibial limb loss with C 2 years of experience ambulating in a prosthesis, 20 subjects with transfemoral limb loss with B 6 months of experience ambulating in a prosthesis, and 29 subjects with transfemoral limb loss with C 2 years of experience ambulating in a prosthesis compared with the 28 subjects without limb loss (Table 1) .
During all gait evaluations, individuals had walked at a self-selected velocity along a 15-m walkway until at least five clean foot strikes were recorded per leg; a clean foot strike was defined if the entirety of only one foot was within the boundaries of a single force plate. Full-body kinematics were tracked (120 Hz) through retroreflective markers using a 23-camera motion capture system (Vicon, Oxford, UK), and ground reaction forces were collected at 1200 Hz from six force plates (Advanced Mechanical Technology, Inc, Watertown, MA, USA) embedded in the walkway. Raw marker and ground reaction force data were low-pass filtered using a fourth-order, bidirectional, Butterworth filter with a 6-Hz and 50-Hz cutoff frequency, respectively. Temporal-spatial, kinematic, and kinetic data were calculated using a 15-segment model defined in Visual3D TM (C-Motion, Inc, Germantown, MD, USA). Stance time and peak vertical ground reaction force were determined over the entire stance phase (ipsilateral heel strike to toeoff) and were chosen because they can individually represent the magnitude and duration of limb loading. Vertical ground reaction force impulse, which is the integral of the vertical ground reaction force curve, was also assessed because it provides information about both the magnitude of the force and the overall (stance) time in which the force is applied. Changes in impulse will therefore reflect changes in the magnitude of the force, time it is applied, or a combination of the two. Mean vertical ground reaction force loading rate was computed as the total change in vertical ground reaction force divided by the total change in time during the first 10% of stance. The first 10% of stance was used because it represents the most linear portion of the vertical ground reaction force curve during loading [18, 31] . Peak vertical ground reaction force loading rate was represented by the maximum instantaneous sample-to-sample loading rate calculated during the same time period. External knee and hip adduction moments were computed about the joint of interest and resolved in the coordinate system of the proximal segment [33] , and peak moments were identified during the first 30% of stance. Ground reaction forces are normalized to body weight (BW) to facilitate comparisons between individuals.
Subjects with lower limb loss were separated into four groups according to the level of limb loss (transtibial and transfemoral) and time ambulating with a prosthesis (less than 6 months or greater than 2 years). Data from the right limb of control subjects were used for comparisons to the intact limb of subjects with lower limb loss, thus resulting in a total of five groups.
Groups were initially compared using one-way nonparametric (Kruskal-Wallis) analyses of variance, because all outcomes were not normally distributed. Where the effect of group was significant, Mann-Whitney tests (with a Bonferroni correction; p \ 0.005) were used to compare these outcomes between the intact limbs of subjects with transtibial and transfemoral limb loss (in all time groups) with control subjects without limb loss (Question 1) and the intact limbs of transtibial and transfemoral subjects with greater than 2 years versus less than 6 months of experience ambulating with a prosthesis (Question 2). All statistical analyses were performed using SPSS 21.0 (IBM SPSS Inc, Chicago, IL, USA). Summary values are reported as median (range; 95% confidence interval).
Results
Subjects with unilateral transtibial and transfemoral limb loss demonstrated larger measures of loading, specifically mean and peak rates of loading, in their intact limb compared with limbs of those without limb loss. There were no differences in stance times for subjects with limb loss compared with control subjects ( .05]; ES = 0.43; p = 0.001, respectively) in the intact limb for transtibial subjects with less than 6 months of experience ambulating with a prosthesis compared with control limbs, but not for transtibial subjects with greater than 2 years of experience ambulating with a prosthesis (Table 3 ). Mean and peak vertical ground reaction force loading rates were also larger in the intact limb among transfemoral subjects with less than 6 months of experience ambulating with a prosthesis versus control limbs (mean, 12 Subjects with unilateral transtibial and transfemoral limb loss did not present with differences in biomechanical measures of intact limb loading such as mean and peak rate of loading, peak load and impulse, or moments about the hip and knee when compared between those who had ambulated with a prosthesis for less than or equal to 6 months versus those who had ambulated with a prosthesis for greater than or equal to 2 years (Tables 3, 4 ). Direct comparisons between the intact limbs in both time groups did not show any differences despite the aforementioned differences relative to control limbs.
Discussion
Arthritis occurs more frequently in individuals with unilateral limb loss than in the general population [16, 23] , driving the need to focus on the study of gait parameters that are associated with and/or may predict the progression and severity of arthritis. The objective of this study was to investigate biomechanical metrics of limb loading between the intact limbs of servicemembers with unilateral lower limb loss as compared with control subjects and to assess whether duration of ambulation with a prosthesis influences these metrics. Several limitations should be acknowledged when interpreting the current results. First, we are associating the risk for arthritis development with changes in gait parameters that are characteristic to individuals with current arthritis and not measuring actual knee/hip contact loads. Although such changes have been related to an increased risk for arthritis development and progression [17] , a cause-and-effect relationship is not directly investigated here nor was the actual presence or progression of arthritis assessed. Future longitudinal studies should aim to correlate gait deviations with the development of arthritis. Second, the subject sample was chosen from gait laboratory collections completed for clinical and research purposes at Walter Reed Army Medical Center and Walter Reed National Military Medical Center. Those completed for clinical purposes would result in a sample that would represent our patient population because they are based on clinician referral and do not include/exclude conditions. Those completed for research purposes would also be fairly representative, because most studies attempt to be inclusive to make results applicable to the patient population; however, they all had an exclusion criteria stating no contralateral limb comorbidities that result in altered gait mechanics. We applied this exclusion criterion to the ''clinical collection'' group in this study to help control that mechanics reviewed in this study were the result of the amputation and not of other confounding injuries. Therefore, we felt it is appropriate to combine the clinical and research collections. The speed constraint excluded seven individuals with limb loss and four individuals without limb loss who were all walking faster than the requested range. We also attempted to account for the influences of speed on biomechanical measures, especially kinetics, by limiting the range of speeds (1.0-1.4 m/s) while still maximizing generalizability of the results. Additionally, mean walking speeds across groups were not statistically different with similar within-group variability. Although the research team believes the sample captured in this study accurately represents a young, active, traumatic unilateral transtibial and transfemoral population such as those treated at Walter Reed National Military Medical Center, it may not be generalizable to all individuals with unilateral limb loss. Future work should confirm that the servicemember population is similar to age-and sex-matched civilians with limb loss. Third, comparisons between time points could be confounded by variations in rehabilitation, complications related to the initial injury, differences in activity levels, etc, and the statistical power of comparisons between subjects with transtibial limb loss less than 6 months and greater than 2 years, specifically, was limited by the small sample size. Subjects with transtibial limb loss have often been discharged from the rehabilitation center before reaching greater than 2 years from limb loss or are not being referred for gait evaluations as part of their regular followup. Also, although these time points were chosen to group individuals according to duration of ambulation with a prosthesis, it is not presently clear if or how these outcomes would differ at other (longer) durations. Other literature that have observed these changes assessed gait mechanics in individuals further removed from their time of limb loss [22, 25] . Therefore, future work could prospectively track these individuals during postlimb loss ambulation, allowing for within-subject comparisons and improving the support for causality. We expected that biomechanical variables associated with arthritis such as peak, rate, and duration of loading would be greater in intact limbs of all subjects with unilateral limb loss as compared with control subjects. Previous studies found larger peak vertical ground reaction forces in the intact limb of individuals with unilateral transtibial and transfemoral limb loss compared with control subjects [2, 22] . Similar increases were not found in those with unilateral limb loss in this study, which may be influenced by the longer mean time since limb loss for the subjects evaluated in previous studies. Peak vertical ground reaction force may also not be as important to onset and progression of arthritis as the rate at which that load is applied. For example, in vitro studies associate higher rates of loading with more extensive fissuring in articular cartilage than lower rates of the same peak force [4] [5] [6] . Similarly, higher loading rates are often observed in individuals with severe arthritis, and such high loading rates are associated with rapid loading of adjacent joints [21] . In the current study, mean and peak vertical ground reaction force loading rates were larger in intact limbs of subjects with unilateral lower limb loss, except for transtibial subjects with greater than 2 years of experience ambulating with a prosthesis. These findings are in agreement with previous research among populations with lower limb loss [12, 28] and hip arthroplasty [15] , which have been attributed to muscular strength asymmetries [12] and fatigue [31] . Despite these similarities in mean and peak loading rates between those with and without transtibial limb loss in the present study, vertical ground reaction force impulses were larger on the intact limb among subjects with transfemoral limb loss compared with control subjects. Typically, larger impulses to the intact limb result from insufficient power in the trailing prosthetic limb for lifting and propelling the body's center of mass [20] . Older adults with knee arthritis typically have greater external knee adduction moments than individuals without arthritis [8] , and these moments strongly predict radiographic evidence of arthritis progression [19] . However, larger knee and hip adduction moments in the intact limb among subjects with transtibial or transfemoral limb loss were not observed in this study. This result would support previous research that larger peak adduction moments are affiliated with the actual presence and severity of arthritis [21] , although no imaging was conducted as part of the current study to verify such an effect.
We also expected that, over time, biomechanical variables of limb loading in those with transtibial or transfemoral limb loss would become more disparate from those without limb loss. The transtibial group appeared to improve some of their metrics that previous literature has associated with the development of chronic arthritis [21] , because mean and peak vertical ground reaction force loading rates were more similar to control values in subjects with greater than 2 years of experience ambulating with a prosthesis compared with those less than 6 months. This change could be an indication that these subjects with limb loss were becoming increasingly comfortable with their prosthetic systems, allowing them to reduce reliance on the intact limb. Improvements in biomechanical variables of limb loading were not seen in those with transfemoral limb loss, and the relative differences from control subjects remain more than 2 years after limb loss. The peak loading rates for subjects with transfemoral limb loss at both time points were 40% to 50% greater than the control subjects, similar to differences reported in the literature between patients with and without knee arthritis [21] and those with and without knee pain [25] . Subjects with transfemoral limb loss at both time points also demonstrated increased vertical ground reaction force impulses, which could be attributed to longer stance times and increased loading rates. Degenerative joint changes and musculoskeletal injuries have also been suggested to result from cumulative exposures to increased magnitude, duration, and/or frequency of loading [10, 14] , potentially putting these subjects with persistent gait alterations at an increased risk for early onset and progression of knee/hip arthritis as they continue to ambulate with abnormal gait mechanics.
Persons with lower limb loss develop knee/hip arthritis at an earlier age than the general population [2, 12, 14] . However, preventing the onset and progression of this disease is difficult because the mechanisms of the development of arthritis are still largely unknown [1, 29] . In the present study, biomechanical outcomes correlated with the disease were found among the intact limb in subjects with unilateral lower limb loss, especially in transfemoral subjects at both early and later time points, potentially illustrating an increased risk in this group if abnormal gait mechanics are not addressed. Future research can track the presence of these mechanics and correlate them to the actual development of arthritis to help identify predictive factors and create interventions to mitigate these abnormal gait mechanics.
